S
witchgrass is a warm-season perennial C 4 grass native to North America and widely adapted throughout the United States, particularly the Great Plains region. Switchgrass is used as a forage crop and for conservation purposes (e.g., as wildlife habitat and to prevent soil erosion), and shows excellent potential as a biofuel crop (Parrish and Fike, 2005) . Two distinct ecotypes of switchgrass are recognized, referred to as lowland and upland types, which diff er both genetically and phenotypically (Wullschleger et al., 1996; Sanderson et al., 1999 , Casler et al., 2004 . Most lowland genotypes originated in the southern United States, while upland genotypes tend to have originated and are better adapted to more northerly latitudes (Casler et al., 2004) .
Although switchgrass is highly productive, its productivity often declines with increasing latitude, which can vary with ecotype (Parrish and Fike, 2005; Casler et al., 2007) . This might in part be related to the adaptability of plants to large temperature fl uctuations that often occur during the growing season in regions where switchgrass is commonly grown such as the Great Plains. Switchgrass in this region often copes for extended periods of time with growth under temperatures suboptimal for its productivity. Productivity may be enhanced, or at least sustained, in plants that can photosynthetically acclimate to compensate for sub-and/or supraoptimal growth temperatures.
Diff erential Growth and Carbohydrate Usage in Switchgrass Ecotypes under Suboptimal Temperatures
R. W. Gesch* and J. M-F. Johnson ABSTRACT Switchgrass (Panicum virgatum L.) is widely adapted throughout North America, but its productivity tends to decline with increasing latitude. Little is known about its genetic potential to photosynthetically acclimate to suboptimal growth temperature, although such potential could be useful to enhance productivity. To examine this, a growth chamber study was conducted with two lowland (Alamo and Kanlow) and two upland (Cave in Rock and Sunburst) ecotypes grown under day/night air temperatures of 32/24°C and later switched to 22/14°C. Photosynthesis, growth, and carbohydrates were analyzed before and after temperature switching. Photosynthesis was greater in lowland than upland cultivars at 32°C air temperature. After switching to 22/14°C and allowing plants to adjust, photosynthesis declined with little difference among cultivars. Moreover, photosynthetic capacity among cultivars slightly decreased or remained similar compared to before the temperature switch. However, after switching to 22/14°C, Alamo gained the most dry matter (3.9 g plant -1
), which was 69, 82, and 152% greater than that of Sunburst, Kanlow, and Cave in Rock, respectively. Total nonstructural carbohydrates increased at 22/14°C, but Alamo showed the least change and no difference in leaf sucrose/starch ratio following the switch. Maintenance of carbon metabolism favoring growth, but not photosynthetic acclimation, may be a key to enhancing switchgrass productivity under suboptimal growth temperatures.
There are several examples of C 3 plant species with the ability to acclimate to suboptimal growth temperatures by up-regulating their photosynthetic capacity to fi x CO 2 (Öquist, 1983; Holaday et al., 1992; Hjelm and Ögren, 2003) . Conversely, C 4 species tend to be more sensitive to low, suboptimal growth temperatures (Sage and McKown, 2006) . To a large extent this may be due to the cold-labile nature of C 4 -cycle enzymes such as phosphoenolpyruvate carboxylase (PEPC) (Long, 1983) . The C 4 photosynthetic mechanism likely evolved as an adaptation to cope with environments conducive to high rates of photorespiration, and in fact, most C 4 species thrive in high temperature, low moisture environments (Ehleringer et al., 1991; Sage, 2004) . Because of the physiological and ecological specialization of C 4 plants, it is generally thought that their ability to acclimate to environmental changes may not be as great as that of C 3 species (Sage and McKown, 2006) . Nevertheless, there are some examples of cold-tolerant C 4 plants with the ability to acclimate to low, nonfreezing temperatures primarily through adjustments in C 4 -rather than C 3 -cycle enzymes (Pittermann and Sage, 2001; Naidu and Long, 2004) .
Few studies have examined photosynthesis in switchgrass and little if any work has been done to explore its potential to photosynthetically acclimate to fl uctuations in growth temperature. Various switchgrass populations, considered as either lowland or upland ecotypes, have evolved over diverse habitats throughout the United States both latitudinally and longitudinally (Casler et al., 2004 (Casler et al., , 2007 . Stroup et al. (2003) compared two lowland genotypes (Alamo and Kanlow) to two upland types (Blackwell and Caddo) with respect to growth and photosynthesis under high and low soil moisture and N fertility. Although photosynthesis was aff ected by growth conditions, no comparison among cultivars was reported. The authors did conclude, however, that the lowland cultivars, particularly Alamo, had greater biomass yield potential than the upland types even under adverse conditions of drought and low soil N. Wullschleger et al. (1996) examined leaf photosynthetic rates of several lowland and upland genotypes under environment controlled conditions and at fi eld sites in Texas, Virginia, and Tennessee. No signifi cant diff erences were found among genotypes grown under relatively nonstressful conditions in a greenhouse with day/night temperatures of 35/18°C, but under fi eld conditions, lowland types generally had higher photosynthetic rates than upland types throughout the summer. The author's suggested that differences detected in the fi eld might be due to genotypic variation in response to environmental stresses. It is therefore conceivable that ecotypes may diff er in their ability to acclimate or adjust photosynthetic processes to compensate for sub-or supraoptimal growth temperatures.
Little is known about whether genetic diversity exists in switchgrass to photosynthetically acclimate to fl uctuations in growth temperature from near optimal to suboptimal.
If such diversity exists, exploiting it may be a means to improve switchgrass productivity in regions prone to large temperature fl uctuations during the growing season. The following study was conducted to determine if such genetic potential exists among four switchgrass genotypes originating from diff erent latitudes across the Great Plains.
MATERIALS AND METHODS

Plant Material and Growth Conditions
Two lowland switchgrass ecotypes (Alamo and Kanlow) and two upland ecotypes [Sunburst and Cave in rock (hereafter referred to as CIR)] were used in the study. Plants were grown from seed, which was purchased from a commercial vendor (Agassiz Seed and Supply, West Fargo, ND). Seeds were sown in 0.20-m wide by 0.41-m long cylindrical pots fi lled with a 1:1:1 mixture of Barnes soil (fi ne-loamy, mixed, superactive, frigid Calcic Hapludoll), peat moss, and sand. Two pots of plants per cultivar were started in a growth chamber (Environmental Growth Chambers, Chagrin Falls, OH) under a 28/20°C day/night temperature with a 16-h photoperiod using fl uorescent lighting to give a photosynthetic photon fl ux density (PPFD) of 500 μmol m -2 s -1
. When plants had fully emerged and were at about the two-to three-leaf stage they were thinned back to eight plants per pot. At this stage plants were transferred to another growth chamber (PGR-15 Conviron, Winnipeg, MB, Canada) under a 32/24°C day/night temperature, 46/66% day/night relative humidity, and 16-h photoperiod. Light bank height was adjustable and was maintained at a PPFD of 500 ± 25 μmol m -2 s -1 at plant canopy height. Light levels were measured weekly with a LI-190SA quantum sensor (LI-COR, Lincoln, NE). After transferring plants to 32/24°C they were fertilized once per week with a 1 g L -1 solution of a commercial fertilizer , N-P-K, Peters, Milpitas, CA) and watered every 2 to 3 d. Plants were in the vegetative stage of growth throughout the experiment.
Plants were grown at 32/24°C until the sixth or seventh leaf stage at which time photosynthesis and plant sampling commenced (see below). After sampling was completed at the 32/24°C regime the day/night temperature was switched to 22/14°C, while the other parameters were kept the same. Temperature and relative humidity were measured independently of the chamber sensor with a shielded aspirated HMP 45 (Vaisala, Woburn, MA) connected to a CR23X data logger (Campbell Scientifi c, Logan UT) to record 15 min averages to verify the chamber control system. Both sensors agreed well throughout the experiment. On a daily basis, both day and night temperature fl uctuated ± 0.3 and 0.1°C SD around the control set point for both the high and low temperature regimes. Relative humidity fl uctuated ± 2.2 and 0.7% around the day and night set points, respectively, for the high temperature treatment and ± 1.2 and 0.4%, respectively, for the low temperature regime. Pots were rotated on a weekly basis to minimize chamber microclimate eff ects. The experiment was repeated in time with the same growth chambers and environmental conditions.
Photosynthesis and Plant Sampling
Leaf photosynthesis was measured with an LI-6400 Portable Photosynthesis System (LI-COR, Lincoln, NE) on the intact
Carbohydrate, Phosphoenolpyruvate Carboxylase, and Chlorophyll Analysis
Carbohydrate analysis was done as previous described by Anderson et al. (2005) . Approximately 150 mg of ground, dried material was extracted in 80% (vol vol -1 ) ethanol at 85°C. The extracts were clarifi ed, evaporated at 60°C, resuspended in 2 mL of deionized H 2 O, and fi ltered using a Whatman 0.45-μm fi lter (Whatman Inc., Florham Park, NJ). Glucose, fructose, and sucrose were determined by HPLC using an Aminex HPX-87N column and refractive index detector at a fl ow rate of 0.5 mL min -1 in 0.01 mol L -1 Na 2 HPO 4 . The pellet remaining after extraction was dried at 60°C and used to determine starch. Pellets were incubated in 1 mL of 0.2 mol L -1 KOH in boiling H 2 O for 30 min. After cooling, 0.2 mL of 1 mol L -1 acetic acid was added and the solution was incubated with 2 mL of acetate buff er (pH 4.6) containing six units of amyloglucosidase (Roche Diagnostic, Inianapolis, IN) at 55°C for 1 h with agitation. The reaction was terminated in a boiling water bath. After centrifuging at 3500 g for 1 min, the resulting supernatant was dried at 60°C, resuspended in 2 mL deionized H 2 O, fi ltered (0.45 μm), and assayed for glucose. Starch measurements are reported as glucose equivalents. Total nonstructural carbohydrate (TNC) was calculated as the sum of soluble sugars plus starch. The carbohydrate extraction and measurement procedures were performed three separate times for each tissue sample for each experiment.
Phosphoenolpyruvate carboxylase activity was assayed using the method of Ashton et al. (1990) . Approximately 100 mg of liquid N-frozen leaf powder was extracted at 4°C in a prechilled Ten Broek homoginizer in 2 mL of extraction medium containing 50 mmol L -1 HEPES pH 7.0, 10 mmol NADH, and 5 mmol L -1 PEP. Extractions were done three times (i.e., three replicates) for each leaf sample per experiment and assays were run in triplicate and averaged. A 0.1-mL aliquot of the crude extract was used to determine [Chl] in 80% acetone containing 2.5 mmol L -1 sodium phosphate pH 7.8 using the method and extinction coeffi cients of Porra et al. (1989) .
Statistical Analysis
The experiment was a completely random design that was repeated once in time with two replicates for photosynthesis and plant growth measurements per experiment and three replicates for biochemical measurements made on pooled tissue samples per experiment. Results were similar for both experiments and therefore were pooled for fi nal analysis. Data were compared by a factorial ANOVA using the GLM procedure of SAS (SAS Institute, Cary, NC) with cultivar and temperature treatment as the main eff ects. Least signifi cant diff erences were used to detect diff erences between means. sixth or seventh leaf from the main stem of plants under the 32/24°C treatment when they had just reached full expansion with the ligule clearly showing. Measurements of CO 2 assimilation response to incident PPFD were made on two leaves from separate plants per pot of each cultivar and measurements were averaged per pot (two replicates treatment -1 experiment -1
). Light response curves were measured to evaluate potential acclimation, as well as estimate quantum effi ciency of CO 2 assimilation (Φ CO2 ) and assess potential photoinhibition (Naidu and Long, 2004) . Measurements were made while controlling leaf temperature at 28°C (for both high and low temperature treatments) and [CO 2 ] at 400 μmol m -2 s -1
. Once an intact leaf was secured in the cuvette, photosynthesis was allowed to come to steady state under 1200 μmol m -2 s -1 saturating light (5-10 min) before making measurements over a PPFD range of 1200 to 50 μmol m -2 s -1
. Data from individual leaves were also used to estimate A max (maximum light saturated CO 2 assimilation) and Φ CO2 using Photosyn Assistant software (Dundee Scientifi c, Dundee, UK), which uses the equation developed by Prioul and Chartier (1977) for modeling CO 2 assimilation with respect to PPFD. Light response was measured between 4.5 to 8.5 h into the photoperiod the day before sampling plants for biomass and biochemical measurements. Photosynthesis at growth temperature was measured on two leaves from separate plants per pot of each cultivar and measurements were averaged per pot (two replicates treatment -1 experiment -1 ) starting at 4.5 h into the photoperiod on the same day the plant sampling was done (described below). The LI-6400 leaf cuvette temperature was maintained at the maximum daytime temperature for the respective treatment and measurements were taken under a [ . Also, at this time the newest leaves emerging (approximately 25% expanded) were tagged for photosynthetic measurements following the switch to 22/14°C; this was leaf number seven or eight.
After measuring photosynthesis, two leaves of separate plants per pot were clipped and immediately plunged into liquid N. The leaves were pooled for both pots per temperature treatment and were ground to a fi ne powder with mortar and pestle in liquid N and stored in liquid N until used for determining PEPC activity and chlorophyll (Chl) concentration. For each cultivar, two plants from each pot were severed at the base of the soil including tillers. For these plants, the leaf number that was used for photosynthetic evaluation was detached at the ligule and fresh weight and leaf area immediately taken. These data were used later to base of PEPC and Chl determinations on. Sampled plants were separated into leaf (blade detached from ligule) and stem and sheath material and dried in a forced air oven at 65°C for at least 48 h before determining dry matter accumulation. For growth data, measurements of duplicate plants for each pot were averaged to give two replications per experiment. The dried leaf and stem material of plants from both pots was pooled separately for each cultivar and ground to a fi ne powder in a Wiley mill and stored dry for carbohydrate determination. Immediately after plants were sampled at 32/24°C, the growth chamber temperature was switched to 22/14°C. The same photosynthesis and plant sampling routine was followed 12 d after switching to 22/14°C when leaf seven or eight had reached full expansion.
RESULTS
Photosynthetic light response curves indicate that photosynthetic capacity was reduced in leaves of Alamo, Kanlow, and Sunburst that developed after switching to 22/14°C as compared to 32/24°C, while leaves of CIR were similar between the two temperature treatments (Fig. 1) ) ( Table 1) . After the temperature switch, A max of all cultivars was similar (Table 1 ). The initial slope of light response curves (i.e., linear response below light saturated photosynthesis) can be used to estimate quantum effi ciency of CO 2 assimilation [i.e., μmol CO 2 fi xed μmol -1 photons used in electron transport (Parsons et al., 1997) ]. A decline in quantum effi ciency of CO 2 assimilation (Φ CO2 ) can be an indicator of photoinhibition (Naidu and Long, 2004) . In the present study, Φ CO2 was greater for Alamo than Sunburst before the switch, but for all cultivars it did not signifi cantly change after the temperature switch (Table 1) . The insignifi cant change in Φ CO2 following the switch indicates that photoinhibition was probably not a factor contributing to reduced photosynthesis under the lower growth temperatures. This was verifi ed by chlorophyll fl uorescent measurements of F V /F M (estimate of PSII photochemical effi ciency), which did not change following the temperature switch (data not shown).
Leaf photosynthesis measured at 32°C growth temperature before the temperature switch was greater for Alamo than the two upland ecotypes, CIR and Sunburst ( Fig.  2A) . Following the switch to 22/14°C, leaf photosynthesis measured at 22°C decreased and rates were similar among cultivars ( Fig. 2A) . However, the decline in photosynthesis following the switch was least for CIR (14% decrease), and rates before and after the switch were not signifi cantly diff erent (P > 0.05). Diff erences in PEPC activity among cultivars were relatively small, although before temperature switching, activity was greater in Sunburst leaves than for leaves of the two lowland ecotypes (Fig. 2B) . The PEPC activity decreased after temperature switching for Kanlow, CIR, and Sunburst leaves, but not in Alamo leaves where activity was similar to that before the switch. Likewise, chlorophyll concentration of leaves that developed under 22/14°C was less than those that developed at 32/24°C, but the diff erence between before and after the switch was not signifi cant for Alamo (Fig. 2C) .
Aboveground biomass was similar for all cultivars at 32/24°C before making the temperature switch (Table 2 ). Furthermore, partitioning of dry matter between leaf and stem was also similar across cultivars. However, after switching to 22/14°C and allowing plants to adjust, diff erences in dry matter accumulation and partitioning developed (Table 2) . Total aboveground biomass accumulation was much greater for Alamo than the other three cultivars, which were similar to each other. On average, biomass accumulation following the switch was 48% greater for Alamo than the other three cultivars. Much of Alamo's dry matter accumulation was in stem and sheath material. Leaf dry weight was also greater for Alamo, but not signifi cantly diff erent from that of Sunburst (Table 2) . Aboveground total nonstructural carbohydrate (TNC) signifi cantly increased following the switch to 22/14°C (Fig. 3) . Both before and after temperature switching, the TNC concentration in Alamo was greater than that of the other cultivars. However, the relative increase in TNC for Alamo following the switch (63%) was considerably less than that for Kanlow (154%), CIR (108%), and Sunburst (114%).
Sucrose and starch are considered the primary transport and storage carbohydrates, respectively, in most C 3 and C 4 plants. In this study, generally, sucrose concentration was greater than that of starch in both leaves and stems for all cultivars (Fig. 4) . Following the switch to lower temperatures sucrose and starch increased in leaves and stems of all cultivars. However, the increase in sucrose, particularly in leaves, was much less for Alamo. As compared to before the temperature switch, Alamo leaves that developed under the 22/14°C regime increased in sucrose concentration by 40%, whereas Kanlow, CIR, and Sunburst leaves increased by 67, 100, and 121%, respectively. This response was even more pronounced with respect to starch concentration in both leaves and stems (Fig. 4) . Although starch levels in leaves and stems did not signifi cantly diff er among cultivars following the temperature switch, Alamo again showed a lower change in starch as compared to leaves that developed at 32/24°C before the switch.
The sucrose/starch ratio of Alamo leaves was lower than the other cultivars under the 32/24°C temperature regime (Fig. 5) . After the temperature switch, leaf sucrose/starch ratio generally decreased, but changed little in Alamo leaves. The decline in sucrose/starch ratio was caused by a greater increase in starch concentration relative to the increase in sucrose following the switch to lower growth temperatures (Fig. 4) . Interestingly, Alamo and Sunburst, the two cultivars that showed the greatest amount of dry matter accumulation following the switch to 22/14°C (Table 1) , showed the least amount of change in sucrose/starch ratio and the diff erence from before to after the switch was not signifi cant. This response indicates that in the primary photosynthetic source (i.e., leaves), despite a decline in photosynthesis with lower growth temperatures, assimilate production relative to sink Figure 2 . (A) Leaf photosynthesis, (B) PEPC activity, and (C) Chl concentration determined at growth temperature before and after temperature switching. Values are treatment means, photosynthesis n = 4; PEPC and Chl n = 6. For a given temperature treatment, bars followed by a different letter are signifi cantly different and * denotes a signifi cant treatment difference at the P ≤ 0.05 level. usage (i.e., growing points) was not greatly disrupted by the temperature switch. This may partly explain the greater dry matter accumulation, particularly of Alamo.
DISCUSSION
Photosynthetic acclimation to temperature fl uctuations from near optimal to suboptimal, that permits assimilate production and growth, would be a benefi cial characteristic for switchgrass grown in the Great Plains region. The four cultivars evaluated in this study, representing lowland and upland ecotypes, showed very little diff erence in their photosynthetic response when switched to lower growth temperatures, but did show diff erences in growth and carbohydrates. In this study, plants were grown under near optimum growth temperatures (32/24°C) before being switched to 10°C lower day/night temperatures to mimic what is indicative of what these plants might often experience under natural conditions during the primary growing season. When plants grew under warm, near optimum conditions, the two lowland ecotypes photosynthetically performed better than the two upland ecotypes (Fig. 2A) . Generally, upland ecotypes like CIR and Sunburst are either hexaploid or octaploid in ploidy level, whereas lowland ecotypes like Alamo and Kanlow are tetraploid (Parrish and Fike, 2005; Casler et al., 2004; Wullschleger et al., 1996) . Previously, Warner et al. (1987) showed that higher ploidy level in switchgrass was associated with greater photosynthesis. However, results of the present study tend to agree with those of Wullschleger et al. (1996) who also found that lowland ecotypes, generally had greater leaf photosynthetic rates than upland ecotypes, although diff erences regardless of signifi cance were not large. Furthermore, lowland switchgrass populations often yield higher than upland ones over a wide range of environments (Casler et al., 2007; Lee and Boe, 2005; Sanderson et al., 1999) , suggesting greater whole plant assimilation rates.
In this study, after plants were switched to lower temperatures and allowed to adjust, no clear trend developed between lowland and upland ecotypes or cultivars with respect to photosynthetic acclimation. Alamo, Kanlow, and Values are treatment means, n = 6. For a given temperature treatment, bars followed by a different letter are signifi cantly different and * denotes a signifi cant treatment difference at the P ≤ 0.05 level.
Sunburst leaves that developed after the switch to low temperatures showed a small decline in photosynthetic capacity, while CIR showed little change (Fig. 1) . Decreased photosynthetic capacity might have been caused by carbohydrate feedback inhibition, as nonstructural carbohydrates clearly increased with the decrease in temperature (Fig. 3) . Many carbon metabolizing genes are regulated by carbohydrate levels (Koch, 1996) and increased carbohydrates can repress photosynthetic gene expression (Krapp et al., 1993) , including C 4 -PEPC (Sheen, 1990) , leading to reduced photosynthesis. Alternatively, lower temperatures could have directly reduced synthesis of proteins involved in photosynthesis like that shown by Hahn and Walbot (1989) for rice (Oryza sativa L.).
When leaf photosynthesis was measured at growth temperature, all four cultivars showed lower rates under the lower temperature treatment (Fig. 2) . It is important to note that photosynthetic parameters were measured in the newest fully expanded leaf before and after the temperature switch. Leaves that were mature at the time of the switch might have responded diff erently to the lower temperature treatment. Also, whole plant CO 2 assimilation rates were not evaluated, which might have diff ered from that of single leaf rates. Ku et al. (1978) found that when Forestburg switchgrass was subjected to day/night temperatures of 30/30, 30/20, and 30/10°C leaf photosynthesis only declined in the lowest nighttime temperature regime. They concluded that this was primarily due to lower stomatal conductance. In the present study, stomatal conductance did not diff er among genotypes nor did internal CO 2 concentration (C i ) following the switch to lower temperature. However, stomatal conductance averaged across cultivars was 21% less after the temperature switch than before (data not shown). Therefore, reduced stomatal conductance may have contributed more to the lower photosynthetic rates at 22/14°C than did reduced photosynthetic capacity.
Low temperature-induced photoinhibition of PSII has been well studied in the C 4 crop Zea mays L. (Baker and Nie, 1994) . A decline in quantum effi ciency, Φ CO2 , accompanies photoinhibitory damage of maize leaves caused by suboptimal growth temperatures (Nie et al., 1992) . Fryer et al. (1995) found that maize transferred from 14 to 25°C resulted in an immediate increase in CO 2 assimilation, but this was followed by a slower increase in Φ CO2 (48 h), which was associated with relaxation of nonphotochemical quenching and repair of PSII reaction centers. Quantum effi ciency of CO 2 assimilation in switchgrass, measured after short-term transfer to 28°C, did not signifi cantly differ between treatments (Table 1) indicating that the lower suboptimum growth temperatures used in this study did not cause photoinhibitory stress despite declines in Chl concentration, PEPC activity, and CO 2 assimilation. It is noteworthy, however, that Alamo did not show a significant decline in PEPC activity and Chl concentration of leaves developed at the lower temperatures as compared to at 32/24°C before the switch.
Despite the lack of a clear ecotype trend in leaf photosynthesis at growth temperature following the switch, there was a distinct diff erence in growth and nonstructural carbohydrate partitioning. Diff erences were related to cultivar rather than ecotype. Alamo produced considerably more aboveground biomass (3.85 g plant -1
) following the temperature switch than the other cultivars, which was as much as 152% greater than that of CIR. Others have shown that Alamo is exceptionally high yielding in comparison to other switchgrass populations, even other lowland types (Sanderson et al., 1999) , which may be the result of greater selection for vigor than other switchgrass genotypes (Casler, 2005; Parrish and Fike, 2005) . It has also been observed that compared to other cultivars, Alamo, even when grown in northern areas, is one of the fi rst to produce early spring growth (Parrish and Fike, 2005) . Similar to winter cereals, growth initiated too early in the spring could be detrimental to overwintering survival in regions frequented by spring freeze-thaw cycles (Gesch et al., 1992) and might partly explain why lowland switchgrass ecotypes tend to be less winter hardy than upland types (Casler et al., 2004) .
Perhaps the most plausible explanation for the greater growth of Alamo following the temperature switch is that carbohydrate metabolism and assimilate transport from sources to sinks may have been less aff ected by the lower temperature than the other cultivars. Holaday et al. (1992) showed that the activity of several carbon metabolizing enzymes of cold tolerant spinach (Spinacia oleracea L.) leaves increased, whereas those of cold sensitive bean (Phaseolus vulgaris L.) leaves decreased when plants were acclimated to low temperatures. Even though carbohydrates levels increased in all switchgrass cultivars when subjected to the Figure 5 . Sucrose/starch ratio of switchgrass leaves before and after the temperature switch. Values are treatment means, n = 6. For a given temperature treatment, bars followed by a different letter are signifi cantly different and * denotes a signifi cant treatment difference at the P ≤ 0.05 level.
lower temperatures, the smaller degree of change in Alamo, especially leaves, compared to before the switch indicates that temperature aff ected carbon metabolism and usage less than for the other cultivars. Also noteworthy is that starch accumulated dramatically in leaves of Kanlow, CIR, and Sunburst following the switch, indicating partitioning of assimilated carbon into storage rather than sucrose for translocation to growing sinks (Fig. 4) . Conversely, Alamo leaves showed smaller and relatively similar increases of sucrose and starch. Hjelm and Ögren (2003) found that leaves of grass and tree species that favorably acclimated to low temperatures compared to those that did not, also showed less change in leaf soluble and storage carbohydrate levels (i.e., little or no increase) compared to leaves before cold exposure. Moreover, in the present experiment, Alamo's leaf sucrose/starch ratio was unchanged after the temperature switch (Fig. 5) . This further indicates that lower temperatures caused little disruption in partitioning of assimilated carbon between transport and storage carbohydrates in Alamo leaves. When comparing the growth of maize (Zea mays L.) at 16/12°C to that of 25/20°C, Pietrini et al. (1999) showed that the less cold sensitive genotype VA-36 had less change in leaf sucrose, starch, and sucrose/starch ratio than the more cold sensitive genotype A-619.
Although no ecotypic diff erences developed between the lowland and upland genotypes with respect to photosynthetic acclimation following a switch from near optimum to suboptimal temperatures, Alamo stood out in terms of maintaining greater growth. It appears that this may have largely been due to low temperatures aff ecting carbon partitioning between growth and storage less in Alamo than the other genotypes studied. Results indicate that rather than directly pursuing increased photosynthetic capacity under suboptimal growth temperatures as a strategy to increase productivity, selecting for improved carbohydrate usage and growth may be a better avenue.
